A study of the crystallographic and magnetic structure of the double perovskites Sr 2 MnMoO 6 , Sr 2 MnWO 6 and Ca 2 MnWO 6 has been carried out on polycrystalline samples using neutron powder diffraction (NPD) data. A room temperature analysis of high-resolution NPD patterns has shown that these compounds crystallize, at room temperature, in the monoclinic space group P2 1 /n. The three perovskites contain divalent Mn cations. Ca 2 MnWO 6 presents the strongest distortion with respect to the ideal cubic perovskite structure. The low-temperature antiferromagnetic ordering has been followed from sequential NPD data. The magnetic structures are defined by the propagation vectors k = (1/2, 0, 1/2) for Sr 2 MnMoO 6 and Sr 2 MnWO 6 , and k = (0, 1/2, 1/2) for Ca 2 MnWO 6 . The possible arrangements for the Mn 2+ magnetic moments have been derived from a group theory analysis.
Introduction
In the last few years a great effort has been devoted to the study of the hole-doped rare-earth manganites R 1−x A x MnO 3 (A = alkaline earth) [1, 2] , with the aim of achieving a better understanding of the mechanisms involved in the colossal-magnetoresistance (CMR) effect observed in these perovskite oxides. This intensive work has also been driven by the possible technological applications of these materials in magnetoelectronic devices, stimulating the search for new CMR compounds. Recently, it has been reported that Sr 2 FeMoO 6 double perovskite presents CMR properties, at temperatures significantly above room temperature [3] .
Soon, similar CMR properties were described for other complex perovskites, such as Sr 2 FeReO 6 and Ba 2 FeMoO 6 [4] [5] [6] [7] [8] , triggering research on other complex oxides. In these double perovskites, the CMR effect is only observed in polycrystalline specimens, and it seems to be due to an extrinsic effect originating at the grain boundaries, so-called tunnelling magnetoresistance [9] . The motion of the carriers across the grain boundaries is controlled by the external magnetic field by its aligning the magnetic moments of the grain surface.
The ideal structure of the compounds belonging to the A 2 BB O 6 family, where A stands for an alkaline-earth ion and B and B are transition metal ions, can be viewed as a regular arrangement of corner-sharing BO 6 and B O 6 octahedra, alternating along the three directions of the crystal, with the large A cations occupying the voids in between the octahedra. A rocksalt-like structure is thus observed in the B-cation sublattice. Depending on the relative size of the B and B cations with respect to the A atoms, the crystal structure has been defined either as cubic (Fm3m), tetragonal (I 4/m) or monoclinic (P2 1 /n). For instance, Sr 2 FeMoO 6 is cubic above the ferrimagnetic Curie temperature, and it undergoes a structural phase transition and becomes tetragonal (I 4/m) below this temperature [11] [12] [13] . Ca 2 FeMoO 6 is monoclinic [14] , showing a significant tilt of the FeO 6 and MoO 6 octahedra, given the small size of the Ca cations placed at A positions.
The Mn analogues of Sr 2 FeMoO 6 have attracted our attention. The double perovskites Sr 2 MnMoO 6 and Sr 2 MnWO 6 were first studied in the 1960s. Sr 2 MnMoO 6 was described as cubic with a = 7.98 Å [15] ; an antiferromagnetic behaviour was observed below T N = 12 K [16] . Sr 2 MnWO 6 was originally reported as cubic with a = 8.01 Å [17] ; more recently the structure has been refined in the tetragonal P42/n space group, describing an antiferromagnetic ordering below T N = 10 K [18] . A recent neutron diffraction study [19] has shown that Ca 2 MnWO 6 is monoclinic (P2 1 /n), undergoing a transition to an antiferromagnetic structure below T N = 16 K.
In the present work we describe the synthesis of these materials, prepared by 'chimie douce' procedures, and the results of high-resolution neutron powder diffraction (NPD) studies on well crystallized samples. The crystal structures of Sr 2 MnMoO 6 and Sr 2 MnWO 6 have been revisited: we report complete structural data for these monoclinically distorted perovskites. The possible magnetic structures compatible with the symmetry of the compounds have been obtained by following the group theory analysis. The citrate + nitrate solutions were slowly evaporated, leading to organic resins containing a random distribution of the cations involved at an atomic level. These resins were first dried at 120
Experimental details
• C and then slowly decomposed at temperatures up to 600 • C. All the organic materials and nitrates were eliminated in a subsequent treatment at 800
• C in air, for 2 h. They were then treated at 1000
• C for 12 h in air. Finally, the oxides were reduced under an H 2 /N 2 flow (15%/85%) at 1050
• C for 8 h (W perovskites) or 1000
• C for 8 h (Mo perovskite). For each compound, a high-resolution NPD pattern was collected at room temperature at the D2B diffractometer of the Institut Laue-Langevin in Grenoble (France), with a wavelength of 1.594 Å. The 2 angular range covered by the diffractometer was 5
• -162
• with a step size of 0.05
• . For the study of the magnetic structure and its thermal evolution a set of NPD patterns were acquired at the D20 multidetector (1600 counters) diffractometer, with a wavelength • with a step size of 0.10
• . The sequential diagrams were collected every 2 K from 2 to 40 K and then every 10 K from 40 to 70 K. The refinements of the crystallographic and the magnetic structures were performed by using the Rietveld method with the FULLPROF program [20] . In the profile refinements, the peak shape was simulated by a pseudo-Voigt function and the background was fitted with a fifth-degree polynomial function.
Results and discussion

Crystallographic structure
The crystal structure refinement was performed on the D2B high-resolution data collected at room temperature and with a wavelength λ = 1.594 Å. In the three compounds the Bragg reflections were indexed with a monoclinic unit cell and the structures were refined in the monoclinic space group P2 1 /n. Since SrWO 4 and CaWO 4 were detected as minor impurities in Sr 2 MnWO 6 and Ca 2 MnWO 6 , respectively, they were included as secondary phases in the final refinement. The compounds AWO 4 (A = Sr, Ca) are tetragonal (space group I 4 1 /a). From the scale factors of the main and secondary phases, we estimated 3% of SrWO 4 in Sr 2 MnWO 6 and 6% of CaWO 4 in Ca 2 MnWO 6 . The good agreement between the observed and calculated patterns after the refinement is shown in figure 1 . The lattice parameters and the final atomic coordinates of the different compounds are reported in tables 1 and 2, respectively. The mean interatomic distances and some selected bond angles are listed in table 3.
In a recent study of the crystallographic structure of Sr 2 MnWO 6 [19] , the tetragonal space group P4 2 /n has been proposed. In this description, it is necessary to consider three different positions for the Sr atoms and the volume of the tetragonal cell is nearly twice the monoclinic volume. With our experimental data we have carried out a fitting of the crystallographic structure of the three compounds with the P4 2 /n space group. The fitting is only possible for Sr 2 MnMoO 6 and Sr 2 MnWO 6 . The R-factors obtained in the fitting are R Bragg = 5.5 and χ 2 = 2.6 for Sr 2 MnMoO 6 and R Bragg = 7.4 and χ 2 = 2.1 for Sr 2 MnWO 6 . These discrepancy factors are slightly worse than those obtained for P2 1 /n, given in table 2. The unit-cell volumes are 512.17(2) and 516.67(2) Å 3 for Sr 2 MnMoO 6 and Sr 2 MnWO 6 , respectively. As the structure can be described in P2 1 /n with a smaller unit cell, with considerably fewer atoms per unit cell and variable parameters, we preferred the monoclinic description for these compounds.
The monoclinic space group P2 1 /n allows for two different octahedral sites, which can be occupied by the B and B atoms (B = Mn and B = Mo or W). In this case, the Mn and Mo or W atoms are fully ordered in each site, in such a way that each MnO 6 octahedron is linked to six B O 6 octahedra, as can be seen in figure 2. The B and B ions are arranged alternately forming a rock-salt sublattice.
In both Sr 2 MnMoO 6 and Sr 2 MnWO 6 unit cells the monoclinic distortion is very small, with β-angles very close to 90
• ; this effect has been widely observed in many 1:1 ordered (10) and b are greater, and unlike the case for the Sr compounds, it is verified that b > a. This last point, as will be shown later, will play an important role in determining the propagation vector that characterizes its magnetic structure. It is interesting to note the evolution of the Mn-O interatomic distances (table 3) • for Sr 2 MnMoO 6 and Sr 2 MnWO 6 , respectively, to ϕ = 16
• for the much more distorted Ca compound.
3.1.1. Determination of the magnetic structure. The magnetic structure and its thermal evolution were analysed using a set of NPD patterns collected for each compound in the temperature range 2 < T < 40 K, with λ = 2.40 Å. As can be observed in figure 3 for the three compounds, new peaks of magnetic origin appear on cooling, which cannot be indexed within the crystallographic P2 1 /n space group. They correspond to the onset of a low-temperature magnetic ordering. In Sr 2 MnMoO 6 the new peaks appear below T N = 15 K and they can be indexed with the propagation vector k = (1/2, 0, 1/2); in Sr 2 MnWO 6 the magnetic reflections appear below T N = 13.7 K and are also indexed with k = (1/2, 0, 1/2); in Ca 2 MnWO 6 the new peaks are detected below T N = 17 K, but in this case the propagation vector is k = (0, 1/2, 1/2). The thermal evolution of the integrated intensity is shown for some magnetic peaks in figure 4 . The possible magnetic structures compatible with the space group symmetry were determined by group theory, as indicated in the appendix. Four models were considered; two of them are those calculated from the representation analysis described in the appendix; the two other models (describing collinear magnetic structures) are obtained by considering a possible mixture of the basis vectors of two irreducible representations. Collinear structures have been considered in preceding papers [18, 19] . These last two solutions must correspond to basis vectors belonging to the same multiplet of the isotropic exchange Hamiltonian and they lead either to a ferromagnetic coupling of the two Mn moments of the unit cell, m 1 = m 2 , or to an antiferromagnetic coupling, m 1 = −m 2 . In all cases, we considered that only the Mn 2+ moments participate in the magnetic ordering, i.e. the oxidation states of Mo and W are 6+, S = 0. The results of the fitting are presented in tables 4-6. For the Sr samples, the agreement factors for the experimental data obtained for the four different models are very similar; therefore it is not possible to choose a unique solution. Only for Ca 2 MnWO 6 does the model defined by just one irreducible representation seem to present a significantly better agreement with the experimental data.
The best solution for Ca 2 MnWO 6 corresponds to the coupling m 1x = −m 2x , m 1y = m 2y and m 1z = −m 2z (1 denotes the Mn atom at (1/2, 0, 0) and 2 the Mn atom at (0, 1/2, 1/2)). By analogy, this solution has also been adopted for the Sr compounds. The good agreement between the calculated and observed NPD patterns at the lowest temperature is presented in figure 5 . The study of the thermal evolution of the NPD diagrams shows that the magnetic structure remains stable throughout the temperature range below the ordering temperature. The thermal variations of the magnetic moments are presented in figure 6 . A diagram of the magnetic structure for the model considered is presented in figure 7 . 
Magnetic structure discussion
The magnetic peaks, and in particular the first magnetic satellite (000) + , disappear at a temperature slightly higher than the reported T N -values. The ordering temperatures described for Sr 2 MnMoO 6 , Sr 2 MnWO 6 and Ca 2 MnWO 6 are, respectively, T N = 12 K [15], 13 K [19] and 16 K [17] ; whereas the first magnetic peaks disappear (in the heating runs) at around 15, 13.7 and 17 K, respectively. This slight difference suggests a hysteretic behaviour, or simply the existence of an axial temperature gradient as the cylindrical sample is heated during the dynamic data collection.
In all the cases, the magnetic moment of the Mn ions seems to saturate to a value above 4 µ B , consistent with a divalent oxidation state of Mn cations (3d 5 ). This implies an oxidation state for the Mo and W ions of Mo 6+ (4d 0 ) and W 6+ (5d 0 ), respectively. Therefore, it is consistent with the fact that only the Mn 2+ moments are ordered and there is no magnetic contribution at the Mo(W) sites. On the order hand, the stronger the structural distortion from the ideal cubic perovskite, the closer the magnetic moment value to 5 µ B ; this is related to the increase in Mn-O atomic distances (as commented on above) and a decrease of the orbital overlap and covalence effects.
The possible magnetic structures obtained in the appendix for each irreducible representation correspond to non-collinear magnetic structures; however, if a mixture of the solutions belonging to different irreducible representations is considered, the magnetic models obtained in this way are collinear. For the Sr samples, the collinear magnetic structures correctly fit the experimental data, leading to discrepancy factors similar to those for the noncollinear structures (tables 4 and 5). The collinear structure implies that the anisotropic terms of the Hamiltonian are much less important than the isotropic ones, which is reasonable as the crystallographic structure is obtained from a subtle distortion of the ideal cubic perovskite to a pseudo-tetragonal one. In the case of the most distorted Ca 2 FeMoO 6 perovskite, the collinear magnetic structures lead to slightly worse discrepancy factors (table 6); thus the non-collinear structure is selected and represented in figure 7 .
The different propagation vector of the magnetic structures of Sr 2 MnMoO 6 and Sr 2 MnWO 6 compared to Ca 2 MnWO 6 is probably related to the relative lengths in the aand b-directions, the a-dimension being much shorter for the Ca compound. In the first two materials k = (1/2, 0, 1/2), which implies an antiferromagnetic coupling between the closest Mn 2+ ions along the a-and c-directions (see figure 7) . In Ca 2 MnWO 6 k = (0, 1/2, 1/2) and antiferromagnetic coupling is present along the b-and c-directions, while the coupling is ferromagnetic along the a-axis. MnWO 6 to k = (0, 1/2, 1/2) in Ca 2 MnWO 6 are correlated with the changes observed in the unit-cell a-and b-parameters. A single-crystal neutron diffraction experiment seems to be necessary to remove the ambiguity in the magnetic structure determination. [23] , but the basis vectors must belong to the same multiplet of the isotropic exchange Hamiltonian. One of the multiplets leads to a ferromagnetic coupling of the magnetic moments, m 1 = m 2 and the other to an antiferromagnetic one, m 1 = −m 2 ; in both cases a collinear magnetic structure is defined.
